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ABSTRACT

This review covers the optical design of passive remote sensing optical instruments. The
review concentrates on the design of spaceborne multispectral  cameras and imaging
spectrometers. The major designs that have been produced over the past tcn years are
discussed, and new designs for future imaging spectrometers are presented.

1. lNTRODIJCTION

The purpose of this review is to cover the optical designs that have been developed for
passive rerno[c sensing instrumcrrts  over the last tcn years. The review concentrates on
the design of multispeetral  cameras and imaging spectrometers used on spacecraft, with
some aircraft instruments inchrdcd for complctcncss,  A list of the instruments covered is
given in Table 1, together with their  acronyms and the rcfcrcnces  to the papers
describing them. The earlier remote sensing instruments arc well covered in SIatcr’s
book. 1

Passive rcrnotc scns.ing instruments derive information from the scene by collecting the
rcflcctcd  solar radiation or emitted thermal radiation from each spatial area. This
radiation is analyzed by the instrument for spectral content, and in some cases
polari~ation properties.

}listorically,  remote sensing instruments have cvoived  from photographic film based
systems. These were camera systems with filters, and scanner systems that wrote on
film. The photographic film was then replaced with discrete electronic detectors, leading
[o whiskbroom scanning systems, such as Landsat, and the early infrared radiometers
SMIRR and HCMR. Following on from discrete electronic detectors, silicon detector
arrays were developed These led to pushbroom  systcrns  such as SPOT and MISR.

The development of infrared detector arrays has led to the whiskbroom  imaging
spectrometer systems, AIS, AVJRIS and MODIS-T, and pushbroom  multispeclral
cameras such as SPOT4.

Currently, pushbroom  designs arc common for spectral areas where detector arrays arc
available, and whiskbroom  designs arc used for the infrared regions where only discrete
detectors are available.
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Table 1. Remote Sensing Instruments

2. DESIGN  OF OPTICAL REMOTE SENSING INSTRUMENTS

This section is concerned with the optical designs used for remote sensing instruments.
A number of current instruments arc compared, and the correlation bctwccn  their
functional performance and their optical design type is discussed.

The type of optical design chosen for a remote sensing instrument depends upon various
rcquircmcnts:  the number of spatial and spectral bands, the spatial resolution and iicld
of view, the spectral resolution and wavelength range, the entrance pupil diameter and f-
nurnber  at the focal plane, The optical design is also strongly driven by the availability
of detector arrays in the spectral region of interest.

The optical design selected for a system is that which can best meet the above
rcquircmcnts  together with the constraints. Spaceborne remote sensing systems arc



cons[raincd  by mass, volume, power consumption and thermal environment. Nowadays,
limited financial resources also provide another strong constraint.

2,1. Optical Performance

A comparison bctwccn the designs for optical remote sensing instruments is given in
figure 1, in terms of the number of spatial and spectral bands for each system. The
number of spatial bands given are those that arc intrinsic to the optical design, and does
not take into account the usc of a scan mirror in the whiskbroom  systems. The graph
provides an interesting view of the three main types of remote sensing instruments:
multispectral  cameras, imaging spcctromctcrs,  and Fourier transform spcctromctcrs.

The multispectral  cameras, which have a small number of spectral bands, are contained
in a column on the left. Thematic mapper, a whiskbroom  scanner, with 16 spatial bands
and 7 spectral bands provides an interesting comparison to the most recent designs.
These pushbroom designs, SPOT4 and VNIWASTER,  provide a high number of spatial
bands by taking advantage of the Iatcsl detector arrays.

The imaging spectrometer designs lie diagonally on the graph, with the latest designs
such as ROSIS and HIRIS providing a large number of spatial and spectral bands.

The pure pushbroom designs with one spatial IFOV lie along the bottom  of the graph.
This is the domain of the Fourier transform spectrometers, which have the Iargcst
number of speetral  bands and the highest spectral resolution. The only imaging Fourier
transform spcctromctcr  shown is TES, with 16 spatial bands, that is being built for 110S.

The spatial performance of the remote sensing instruments is shown in figure 1. This
graph maps out the IFOV (Instantaneous Field of View) and total FOV for each
instrument, Again, the FOV is for the intrinsic design, and does not take into account
the usc of the scan mirror in the whiskbroom  systems.

For spaceborne remote sensing instruments the IFOV is driven by the requirement that
enough photons be collected from the ground. Decreasing the 1 FOV directly reduces the
solid angle of the light collected, which can only be compensated with a larger entrance
pupil diameter. The lFOV of thematic mapper compares favorably with today’s designs.

For imaging spectrometers the trend is for larger fields at lower spatial resolution,
examples of this are MODIS-T and MERIS.

2.2, Multispcctral Cameras

The basic components of a multispcdral  camera are shown in figure 3.11 consists of a
tclcscopc followed by a filter and a linear  or area array detector. Most systems have a
number of stx.ctral  bands, obtained through the usc of dichroic  beamsplittcrs.  In some
designs the different field  positions pass through different filters, and the spacecraft
motion is used to superimpose the spectral bands for a given field point.
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Figure 3, Multispcctral  Camera Schematic

The optical designs that arc used for multispcctral  cameras are loosely classified in table
2. For the yisiblc  region, Icns systems arc used when the aperture is not excessive. For
the infrared, the larger collecting apertures required favor rcftecting  systems, which also
reduce problems with chromatic aberration. There arc cxccptions,  such as SWIR systcm
for ASTF;R which uscs a 20 cm diameter lens in the infrared, The designers of this
system claim that it has a weight advantage over an equivalcrrt  reflecting system. For
large field  angles and large collecting apertures, catadioptric  designs tend to be used, as
in SPOT4.

The development of wide-angle pushbroom  cameras in the infrared is driven by the
optical design performance. The ideal solution is to usc small detector pixels with a fast
f-number system to maintain the light throughput. Unfortunately, fast f-numbers and
largcficld  anglcsareextrcmcly awkward to implement with mirror systems. In fact,
dctcctor  arrays canalrcady  beproduccd with morcpixcls  than remote sensing optical
systems can make usc of.

I TELESCOPE I FOCAL PI/ANE
MISR Lens System Field Filters

SPOT 4 Folded Catadioptric  Tclcscopc Dichroic
S13VIRI

— . — — — .
Ritchcy  Chrcticn Field Filters

POLDER Wide Angle Lens Filter Wheel.—— —
VNIR/ASTER Off-Axis Catadioptric@hcric  Corrector Dichroic——— —.-——-
SWIR/ASTER Lens System (20cm A~flure) Field Filters— .. —.. — .--—— .- —.- .——
TIWASTER Ri-Chrcticn  On-Axis Field Filters—.—
TM Ritc~hret  icn

—.
Field Filters— . .

MODIS-N OfT-Axis Gregorian Dichroics
Field Filters

Table 2. Multispectral  Camera Designs

2,3. Imaging !lpcctromctcrs

The schematic design of an imaging spectrometer is shown in figure 4, The telescope
systcm focuses lhc light onto the entrance slit of the spcctrornctcr.  The spectrometer
portion then disperses the image from each point on the slit onto a two dimensional



detector array. On the detector array, the spatial dimension is in onc dimension and the
other dimension provides the spectral information. The motion of the spacecraft
provides the pushbroom motion for the system.
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Figure 4. lrnaging  Spedrometcr  Schematic

The optical designs arc loosely classified in table 3. The requirements for the angular
spatial field of view and the spectral resolution tend to dctcrminc  the design choice.

For increasing angular ticlds  of vimv the tclcscopc  designs progress from simple
paraboloids, to Ritchcy  Chrcticns,  to Schmidt type systems and catadioptric  designs.
Rcfractivc  designs arc not used for two principal reasons, The first is because the narrow
spectral bandwidths usually require a large collecting aperture to give an adequate signal
to noise ratio. The second is to avoid problems with chromatic aberration duc to the
Iargc spectral ranges,

MODIS-T

MRRIS

SCIAMACHY

ROSIS

AVHUS

NIMS

VIMS

SISEX  —

TEI.IiSCOPE
OfT-Axis
Paraboloid
Off-Axis
Catadioptric
Ofl’-Axis
Paraboloid
Off-Axis
Schwarzschild
Paraboloid

Ritchcy

COI ,1 .IMATOR
Ofl-Axis
Paraboloid
Refractive
Corrector
Off-Axis –

Paraboloid
Off-Axis
Schwarzschild———.—..———
OIT-Axis

fihcrical  Mirror
Dan Kirkham

Chrcticn I —-.
Ritchcy  ‘“ D a n  Kirkharn

DISPERSER
Schmidt
Grating
Concave
Grating
Plane Grating

Plane Grating

Schn~dt
G r a t i n g
Plane Grating

Plane Grating

Prism

CAMERA
Spherical
Mirror— — — . — .
Refract ivc
Corrector
Lens System ~

Off-Axis
Schwarschild—.—-
OtT-Axis
Mirror
Ritchcy  ““
Chrcticn————
Ritchcy  -

Chreticn
Off-Axis ‘-

I A x i s  Schruidt &chnlid[ ! ! Schmidt _
HIRIS Reftectivc  OIT- Off-Axis Prism Off-Axis

Axis Schmidt Schmidt Schmidt

Table 3. lrnaging  Spectroructcr  Designs



Most  imaging spectrometer systems usc gratings for dispersion bccausc  of their higher
angular dispersion. lhc spcctromctcr  camera focal length being too short to provide
suff]cicnt  linear dispersion on the detector with a prism. The HIRIS and SISEX designs
arc exceptions to this rule and usc multiclcmcnt  prisms to provide linear angular
dispersions, but these designs arc exlrcrncly Iargc on the order of 1000kg.

The spcctromctcr  portion for an imaging spcctromctcr  provides and interesting design
challcngc.  Its size is solely dctcrmincd  by the aberrations in the design. Basically,
shrinking the spcctromctcr  in size, while maintaining the area solid angle throughput,
cause its aberrations to incrcasc  as the angles through it incrcasc. Better spectrometer
design enable smaller spcctromctcrs  to be used in imaging spcctromctcrs.

For wide angle systems Schmidt type systems have been used. Two of the instnrmcnt
designs rcvicwcd  have novel design solutions. The first is MERIS  which uscs an
concave grating with a refractive corrector. The second is the design for ROSIS, which
is based on an off-axis Schwarmchild  type systcm. Although at first glance the mirrors
in this systcm arc quite large compared with the f-number and detector size in the
spcctromctcr.

There will undoubtedly be more solutions for this problcm.  Variable groove space
gratings and binary optical gratings provide interesting possibilities in the fllturc.  MOSI
of the classical spcctromctcr  design have been derived solely on the basis of obtaining
good spectral rcsohrtion. More work needs to be done in the future to produce good
designs which take the spatial imaging aspect into account.

30 TECIINOI,OGY WI’II, IZATION

The optical systems used in remote sensing instnrmcnt  have bcncfitcd  most from
improvements in optical surface fabrication. Asphcric  surfaces are now commonly used
because diamond turning has made their fabrication much easier. If necessary, then
post-polishing can be used to reduce the surface roughness. The VNIFUASTER systcm
will utiliT.c an asphcric  Icns, and MODIS-T and AVIRIS both utilize gratings ruled on
asphcric  Schmidt correctors.

Bland holographic gratings are now produced with low scattcrcd  light, and arc used in
MODIS-T. None of the designs rcvicwcd usc aberration corrcctcd  holographic gratings,
bccausc their peak diffraction efficiency is only 33Y0.  This compares with a peak blaze
cftlcicncy  over 90°A for a conventionally ruled grating. Increasing the cntrancc  pupil
diameter to ovcrcomc  this loss in eflicicncy  is usually to Iargc a systcm impact.

Variable line spaced blazed gratings have been produced using numerically controlled
ruling cngincs24,  and it is surprising that they are not utilized in any of the imaging
spectrometer designs. They offer the possibility of reducing the size of the spectrometer
systcm while maintaining a good diffraction cfllcicncy. Binary optical gratings are likely
to have an impact on spectrometer designs, and concepts based on their use arc
discussed in the next section.



In rnultispectral  camera designs filter eflkiencies  are extremely important. The new
optical coating techniques have helped this, and SPOT4 has an efficiency  of 98°/0 for its
dichroic filters. Wide wavelength range high performance antirctlection  coatings will
also improve the performance for multispcctral  camera optical systems.

Future multispectral  camera designs are likely to incorporate active filter elements based
on AOTF (acousto-optic  tunable filters). An even more promising technology are liquid
crystal based Lyot or SOIC type filters. In comparison to AOTF based systems these have
the advantage of low power consumption and possibility of larger throughput apertures,
which is always of prime concern for a remote sensing instrument.

4. FUTURE CONCEPTS FOR IMAGING SPECTROMETERS

Future spaceborne systems will require lightweight imaging spectrometers. The next
generation of miniature spacecraft will only have 6 kilograms available for the
instrument payload. In the past the planetary remote sensing imaging spectrometers
such as NIMS weighed 20kg.

Figure 5. Microspacecraft  Camera and Imaging Spectrometer



On rnicrospacecraft  for planetary remote sensing, future imaging spectrometers will be
combined with the camera system to avoid the weight of an additional telescope system.
Shown in figure 5 is one concept for an imaging spectrometer combined with a camera
system. In this system a dichroic beamsplitter,  separates out the light for the imaging
spectrometer system. The single element spectrometer system is based on a variable
groove spaced blazed grating which disperses and focuses the light  onto an Iridium
Gallium Arsenide detector array.

Bina~ optical gratings are also undergoing rapid development, and offer the possibility
of producing a grating with complete control over the blaze and the groove positions.
Thus overcoming the diffraction efllciency  problems associated with aberration
corrected holographic gratings, and without the restriction on holographic construction
geometry. Their principal problem at the moment is stray light, but lithography
techniques are making rapid advances.

OR

TELESCOPE ENTRANCE SLIT-]
‘~--”’—’

SPECTROMETER

Figure 6. Imaging SWctronwter  based on Binary Optical Grating Array

The use of binary optical gratings provides the possibility of new designs for imaging
spectrometers. Shown in figure 6 is a design for a wide field of view imaging
spectrometer based on an array of binary optical gratings. The use of an array of
gratings reduces the angles through each individual grating, so enabling a reduction in
size of the imaging spectrometer. With a conventional imaging spectrometer all the field
angles must pass through the grating leading to severe aberration problems.

5. CONCLUS1ON

The optical design of imaging spectrometers is in its infancy. Unfortunately the very
smallness of the field  has limited its development. Hitachi has been using a numerically



controlled ruling engine to produce variable line spaced gralings  for the last dccadc24,
and yet there is still no facility with this capability in the United States.

Designing an imaging spcctromekx  with the current optical design programs is diftlcult,
I’hcy arc extremely weak at optimizing the off-axis spectrometer designs used nowadays.
Any real design work usually requires constraints that are so awkward to irnplcrncnt  that
the optimimtion  dots not work properly. Unfortunately there arc fcw users of the
modules of the program associated with diffraction gratings, so there is no pressure on
program vendors to improve them,

In the past, the performance of imaging spcctrornctcrs  and rnultispectral  cameras have
been limited by the available detector array sizes. The advance in detector technology
has led to detector array sizes which cxcced the current optical designs., lhc
performance is now lirnitcd by the optical design.

Future remote sensing instnrrncnts  will bc smaller and have more capabilities, The
challcngc  of providing useful instruments for rnicrospacccraft,  where the instrument
payload is on the order of 5 kg, will Icad to ncw designs. The first approach to this
problcm will be the sharing of the optical tclcscopc  systcrn  by the camera and imaging
spcctromctcr. The optical systems will also be rnadc Iightcr  by utili~ing  the ncw rnatcrial
technologies such as silicon carbide and rnctal matrix composites will help with these
systems. Finally, optics technologies such as binary optical gratings, and gradient index
optics will lead to ncw more compact designs.
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